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A cross-sectional study was conducted in four counties in northern New Jersey to search for associations between selected developmental and reproductive outcomes and contaminants found in public water supplies (5, 6) . Birth weight, fetal deaths, and birth defects were evaluated by linking quarterly THM measurements and water source information collected by utilities with vital records and a birth defects registry. Flow weighting for multiple sources and forward-backward averaging techniques were used to estimate monthly THM exposures during pregnancy (5) .
Positive, but small, associations with exposure to THMs at levels exceeding 80 pg/l in the municipal supply corresponding to the maternal address on the birth certificate were found for term low birth weight (OR = 1.3) and small for gestational age Chlorination is the major method of water disinfection used worldwide (1) . Thus, much of the health research on the disinfection byproducts (DBPs) found in drinking water has been conducted on by-products of chlorination, especially the trihalomethanes (THMs). This research encompasses animal bioassays for cancer and noncancer health effects (1, 2) and epidemiologic studies evaluating carcinogenicity (3) or reproductive toxicity (2) . A maximum contaminant level (MCL) of 100 pg/l for the THMs, one of the major groups of chlorination by-products, was established in 1979 by the U.S. Environmental Protection Agency (EPA). Since 1979, other by-products have been identified from the process of chlorination and, to some extent, from chloramination, chlorine dioxide disinfection, and ozonation.
Recently, four epidemiologic studies have reported associations between the consumption of chlorinated drinking water and reproductive or developmental effects. Here we review the available epidemiologic data, assess the hazard potential suggested by the available data, identify critical data gaps, and offer recommendations for further short-and long-term research.
Epidemiologic Studies
The first study designed specifically to evaluate the effect of exposure to DBPs on human reproductive outcome was conducted among residents of small towns in Iowa (4) . Population-based case-control analyses were performed to determine whether water supplies containing relatively high levels of chloroform and other THMs were associated with low birth weight, prematurity, or intrauterine growth retardation (IUGR). Exposures to THMs were estimated from a municipal water survey conducted 2 years previously.
Residence in communities where chloroform concentrations exceeded 10 cCase-control study with exposure to chlorinated water (source); data from Aschengrau et al. (8) .
dCase-control study with exposure to THM (>81.1 or >82.8 pg/I); data from Savitz et al. (9) .
(SGA; OR = 1.1) (5). The ORs rose to 1.4 and 1.5, respectively, for exposure to THMs at levels exceeding 100 pg/l (6) . No associations were found for very low birth weight, preterm birth, and fetal death. A mean decrease in term birth weight of 70 grams was associated with total THM exposure above 100 pg/l (6) .
Elevated adjusted odds ratios were found for several birth defects at THM concentrations .80 pg/l, as shown in Table   1 : all surveillance defects (OR = 1.5), central nervous system defects (OR = 2.5), neural tube defects (OR = 3.0), oral cleft defects (OR = 1.7), all cardiac anomalies (OR = 1.4); and major cardiac defects (OR = 1.8) (5) . In these analyses, the number of cases in the highest exposure stratum (>100 pg/l) was often small (6) . In general, strong dose-response relationships between total THM concentration and reproductive effects were not found (5,6) although a positive test for trend (p< 0.05) supported trends for some outcomes (6) Massachusetts, all surface water is treated by either chlorination or chloramination; ground water is usually not treated (8) . Risks from exposure to water quality variables on congenital anomalies (n = 1,039), anomalies of specific organ systems, stillbirth (n = 77), and neonatal death (n = 55) were evaluated. After adjusting for confounding, an increase in risk was found for stillbirths associated with chlorination of the community supply (OR = 2.6), with chloramination serving as the reference group. Chlorination was also associated with an increased risk for major malformations (OR = 1.5), which consisted primarily of increases in the risk of respiratory and urinary tract defects (8) .
Recently, Savitz et al. (9) used data from a population-based case-control study of miscarriage, preterm delivery, and low birth weight to evaluate risk associated with water source, amount, THM concentration, and THM dose (pg/l x glasses of water per day). Medically treated miscarriage cases were identified through medical care providers; preterm deliveries and low birth weight infants were identified at six area hospitals, which also served as a source for the controls. Women were assigned to one of five public water supplies serving the region, and the dates of pregnancy were used to assign the THM concentration to the nearest quarterly average for that supplier. The fourth week of pregnancy was used for assigning exposure for miscarriage cases and the 28th week for preterm delivery and low birth weight cases.
Some indication of an association between THM concentration and miscarriage was found, particularly among women in the highest exposure sextile (OR = 2.8, 95% CI=1.1-2.7). This subgroup was largely responsible for an association with a continuous measure of THM exposure (OR = 1.7 per 50 ppb increment). A small increase in risk of low birth weight (ORs = 1.3-1.5) was found for the upper two tertiles of THM exposure, compatible with the increases reported in the previous studies of this outcome (4, 5) . Preterm delivery was unrelated to THM concentration.
Critique
As a group, these studies suffered from a number of methodologic weaknesses that limit the interpretability of the findings. The four studies used different methods for classification of exposure: THM (6,9); concentrations of specific THMs such as chloroform (4); chlorinated or chloraminated systems (8) (11) . Depending upon the variability of some sources, THM concentrations can vary appreciably on a weekly and, in some cases, even on a daily basis. Further misdassification of exposure was introduced by a temporal disparity between the collection of outcome and exposure data (4), by collecting a large proportion of the water samples for THM analysis in a single season (4) , and by assuming that the average of THM measurements at four sampling locations in the distribution system reflected the THM concentration at all residences throughout the system (4, 6) . THM concentrations increase with time in the distribution system; therefore, populations located further from the treatment plant, from a hydraulic residence time standpoint, tend to be exposed to higher THM concentrations (12) . Knowledge of the flow patterns and residence time distribution within the system are critical components of a sound exposure assessment analysis.
Several assumptions, inherent in exposure assessment in New Jersey (5), apply to the other studies as well: 1) that residence on the birth certificate represented the mother's residence during her entire pregnancy; 2) that drinking water supply to the home came from the municipal supply and not a private well; 3) that water supply to the home did not have an activated charcoal filtering system; 4) that the mother drank and bathed primarily from the home water supply; 5) that the mother drank tap water rather than bottled water; and, 6) that contaminant levels for the sample date represented the entire town's system for a period around that date. In addition, migration during pregnancy may introduce misclassification of exposure. In a case-control study of congenital malformations in California, 25% of women moved at least once between conception and delivery (13) .
Several of these assumptions are unlikely to change the general direction or magnitude of the risk estimates. For example, use of adequately maintained activated charcoal filters is likely to be uncommon. On the other hand in central North Carolina, use of a private well was reported by 24% of the participants (9) , and at least some bottled water was consumed by 24% of women in a study of spontaneous abortions in California (14) . Thus, lack of data for migration, private well use, and bottled water consumption may introduce substantial exposure misclassification.
The degree to which investigators were able to control for potential confounding varied across the studies. Incomplete control for confounding by cigarette smoking may have introduced bias. Maternal smoking, especially when it occurs in the third trimester, is the strongest known environmental risk factor for IUGR (15) Strengthening studies designed to collect new data. In addition, we recommend consideration of the following issues when new studies are undertaken by case-control or cohort methods: 1) Rapid ascertainment of cases and controls to permit contemporaneous measures of exposure to DBPs; 2) attention to tracing a large proportion of the study population and to other factors affecting participation rates; 3) collection of information by interview to permit control of potential confounding and evaluation of interaction by factors such as cigarette smoking, alcohol consumption, and drug use; and 4) development of specific biomarkers for exposure to DBPs and for the evaluation of male and female fertility and reproductive effects in cohort studies.
Improving exposure assessment. Future epidemiologic studies of exposure to byproducts of water disinfection and reproductive outcomes should use more precise methods of exposure assessment: eSelection of appropriate exposure markers for DBP toxicity. THM is often selected as a surrogate marker because it is routinely measured in public drinking water supplies for municipalities of more than 10,000 persons. Other candidates include chloroform and dibromochloromethane (among the THMs), halogenated acids, and haloacetonitriles and aldehydes.
*Adequate sampling to assess temporal and spatial variability in the concentrations of contaminants within the distribution system for each municipality in the study. This is not a trivial task and requires comprehensive knowledge of the source(s) of water utilized, type of treatment provided, residence time patterns in the distribution system, and variability in all three factors. Selection of water systems that are relatively simple and that have done extensive water quality and/or distribution system modeling and analysis might be necessary for a sound exposure assessment.
*Evaluation of exposure to DBPs in communities that receive water from mixtures of ground and surface water sources.
*Interviews with subjects to collect relevant data concerning patterns of water use and routes of exposure, including bathing, showering, and consumption.
Adding evaluation of water quality to studies in progress. An expeditious approach to conducting more definitive research on reproductive and developmental effects of exposure to DBPs involves identifying ongoing, well-designed prospective studies of other exposures and adding a component on DBP exposure parameters and water quality. This approach could generate high quality data with a minimal investment of resources. In a series of case-control studies of drinking water exposure and spontaneous abortion in California, the investigators found sufficient evidence of recall bias to recommend that a prospective study design would be preferred (16) .
Longer-term Research in Humans
Standardized Methods for Assessing Exposure to Drinking Water Contaminants. Water utility companies should be active participants in study design. Maps incorporating sampling locations and points of entry of treated water into the distribution system can be used to model exposure to individual homes. Residences could be assigned a weighting factor based on distance from sampling stations. Additional refinements of the exposure model may use pipe diameters to sampling stations, computer models of flow in the distribution system, or estimates provided by utility personnel. Samples should be collected from a sample of the subject households for model validation.
Ingestion is not the sole source of exposure to DBPs. Some by-products, primarily THMs, are volatile, and several studies suggest that inhalation is a major route of exposure for chloroform (17) . Exposure to DBPs can also occur by dermal absorption. Total exposure can be estimated by collecting information on daily quantity of tap water consumed, number and duration of showers (baths) per week, and ventilation and size of shower/bathroom (18) .
Monthly average exposures should be calculated using the measured quarterly DBP values and a forward-and backwardaveraging technique as used in New Jersey (5) and North Carolina (9). For larger utilities, monthly THM measurements may be available to permit a more accurate quantitation of exposure. Samples should be collected and analyzed using standardized laboratory and quality assurance procedures. The concentrations of individual THM species should be reported and analyzed independently, rather than aggregate THM concentrations. With the anticipated establishment of monitoring requirements for other DBPs, e.g., the haloacetic acids, a similar approach should be implemented.
Methods for investigating selected endpoints: human fertility studies. The extant animal literature, albeit sparse, suggests that some priority be given to fecundity and fertility in future epidemiologic studies. In the following section, we suggest preliminary approaches to assess these endpoints.
An investigation of the effect of occupational exposure to compounds such as the halogenated acetic acids might be conducted through exploration of company records or by conducting semen analyses of men with high occupational exposures. The evaluation of conception delay, the time from first unprotected coitus to conception, is recommended as an endpoint for incorporation into existing or planned studies. This outcome has been found to be perturbed in response to exposure to recent use of oral contraceptives (19) , cigarettes (20) , and caffeine (21 Common malformations. The studies reviewed above suggest that exposure to DBPs may increase the rates of occurrence for three common groups of malformations: neural tube defects, major heart defects, and oral cleft defects (6) . Future studies of these associations should be based on larger sample sizes and address the issues described below.
Investigators should focus on specific malformations and avoid the use of broad categories based on organ systems, such as ear, face, and neck, or musculoskeletal. Nonspecific categorization schemes treat a diverse group of phenotypes that would be expected to have different etiologies as a single outcome. Teratogenicity of thalidomide was only identified in the Swedish birth defects registry when the analysis was restricted to infants with preaxial and symmetrical limb deficiencies rather than all types of limb defect (24. November 3-7, 1996 Subjects of the meeting will include exposure of human populations to both ionizing and nonionizing radiations, physical and biological methods of dosimetry, molecular radiation biology, metabolism of radioisotopes at cell, tissue and wholebody level, epidemiological procedures and results of ongoing studies of Chernobyl exposure, monitoring programs for evaluating population impact which would be important in assessing intervention, problems of occupational exposures, detection of long term-effects (carcinogenic, genetic, and nonneoplastic), risk assessment, and psycho-social considerations including counseling and the evaluation of radiation-associated postraumatic stress disorders. 
